The newly described species Haemophilus sputorum has been cultured from the upper respiratory tract of humans and appears to have little pathogenic potential. The species encodes a capsular biosynthesis locus of approximately 12 kb composed of three distinct regions. Region I and III genes, involved in export and processing of the capsular material, show high similarity to the corresponding genes in capsulate lineages of the pathogenic species Haemophilus influenzae; indeed, standard bexA and bexB PCRs for detection of capsulated strains of H. influenzae give positive results with strains of H. sputorum. Three ORFs are present in region II of the sequenced strain of H. sputorum, of which a putative phosphotransferase showed homology with corresponding genes from H. influenzae serotype c and f. Phylogenetic analysis of housekeeping genes from 24 Pasteurellaceae species showed that H. sputorum was only distantly related to H. influenzae. In contrast to H. influenzae, the capsule locus in H. sputorum is not associated with transposases or other transposable elements. Our data suggest that the capsule locus of capsulate lineages of H. influenzae may have been recruited relatively recently from the commensal species H. sputorum by horizontal gene transfer.
INTRODUCTION
Many bacterial species produce an extracellular polysaccharide capsule that contributes to their pathogenicity (Cuthbertson et al., 2009) . Of the Haemophilus species with host specificity for man, capsulation has so far only been demonstrated for Haemophilus influenzae, where isolates may produce one of six distinct capsular polysaccharides or may be unencapsulated (Kilian, 2005) . The presence of polysaccharide capsular antigen, originally described by Margaret Pittman (Pittman, 1931) , provides the basis for serotype designations a to f (Hia to Hif). Hib is particularly associated with meningitis and other invasive infections, and Hib vaccination has been implemented in most developed countries (Watt et al., 2009) . Although invasive Hib disease is vaccine preventable, important questions remain with respect to the development of serotype diversity and the variable virulence of separate capsular types. Portable typing methods such as multilocus enzyme electrophoresis and MLST have revealed that the population structure of H. influenzae is basically clonal, at least with respect to capsulated strains that constitute a restricted number of diverse evolutionary lineages (Connor et al., 2012; Meats et al., 2003; Musser et al., 1986; Nørskov-Lauritsen, 2014) . The genetic capsulation locus in H. influenzae is composed of three functionally distinct regions. Regions I and III are common to all six capsular types and contain genes involved in the export and processing of the capsular material. Region I genes (bexDCBA) encode an ATPdriven capsule export apparatus (Kroll et al., 1990) , while region III genes (hcsAB) are necessary for transport of polysaccharide across the outer membrane (Sukupolvi-Petty et al., 2006) . Region II encodes the serotype-specific biosynthesis genes unique to each of the six capsule types designated a-f (Hia-Hif); the region II genes from representatives of each serotype have been sequenced and comprise three to eight genes (Follens et al., 1999; Satola et al., 2003a, b; Giufrè et al., 2010; Lâm et al., 2011) .
Haemophilus sputorum is a newly described species of Haemophilus isolated from humans (Nørskov-Lauritsen et al., 2012) . A single isolate has been cultured from blood, but otherwise the species is rarely encountered in human infections. We incidentally discovered that H. sputorum was positive in a standard PCR assay targeting the H. influenzae capsule gene bexA. A high degree of nucleotide identity could indicate a common origin of the capsule cluster in H. influenzae and H. sputorum. We hypothesized that the diverse but restricted number of H. influenzae lineages encompassing capsulated strains could reflect a horizontal recruitment of the capsulation gene cluster into this species on a limited number of occasions. Here we report on the genetic structure and in vitro transcription of the capsule locus in H. sputorum, the phylogenetic discordance of capsulation and housekeeping genes in H. influenzae and H. sputorum, and the putative horizontal transfer of the locus.
METHODS
Bacterial strains and genome sequencing. Ten strains of H. sputorum were available for analysis (Nørskov-Lauritsen et al., 2012) . The type strain of the species (CCUG 13788 T ) was sequenced using Roche Applied Science 454 pyrosequencing with the GS FLX titanium platform. The genome was sequenced at approximately 96| coverage, and the predicted genome size was 2.13 Mb. Reads were assembled with Newbler assembler software (version 2.3), and annotation was performed using the RAST server (Overbeek et al., 2014) . The draft genome sequence of H. sputorum strain CCUG 13788 T was deposited in GenBank with accession number NZ_AFNK01000000.
Transcription of cap locus region II. Whole-cell RNA was obtained from exponential broth cultures of strain CCUG 13788 T with RNeasy Protect Bacteria Mini kit (Qiagen) and treated with DNase (On-Column DNase I digestion set; Sigma-Aldrich). cDNA was generated using TaqMan reverse transcription reagents (Applied Biosystems). PCR of region II genes was performed using primers designed from the coding regions (Table S1 , available in the online Supplementary Material). For a positive control, chromosomal DNA from CCUG 13788 T was used as template; for a negative control, reverse transcriptase was omitted from the reactions.
Detection of bexA and bexB by PCR. PCR amplification of bexA and bexB was performed according to Falla et al. (1994) and Davis et al. (2011) (Eddy, 2011) and Hidden Markov model profiles specific for transposases (Riadi et al., 2012) . A multiple alignment of the ORFs identified as putative transposases was prepared using the MUSCLE algorithm (Edgar, 2004) .
MLSA of family Pasteurellaceae. Twenty-three other Pasteurellaceae genomes were identified and downloaded (Table S2 ). Genomes were searched for the presence of the housekeeping genes of the MLST schemes of H. influenzae (Meats et al., 2003) and Pasteurella multocida (Subaaharan et al., 2010) , as well as the phylogenetic marker genes atpD, infB, recN and rpoA (Zeigler, 2003) . Eleven genes (adk, atpD, atpG, frdB, infB, mdh, pgi, recA, recN, rpoA and zwf) were identified in all genomes, and the genes from each strain were concatenated using CLC Main Workbench (CLC Bio) and used for phylogenetic analysis. Phylogenetic and molecular evolution analyses were conducted using MEGA5 (Tamura et al., 2011 ).
RESULTS
The genome of H. sputorum encodes a complete capsulation locus The draft genome sequence of H. sputorum strain CCUG 13788
T was determined by pyrosequencing and a putative cap locus of 11835 nt was identified (Fig. 1) . The H. sputorum cap locus is composed of three separate regions (I, II and III), a genetic organization common to the H. influenzae cap locus as well as other group II capsule biosynthetic clusters of Gram-negative bacteria (Cuthbertson et al., 2009; Whitfield, 2006 of the H. sputorum cap locus were translated into protein sequences and compared with deposited sequences in GenBank (Table 1 ). The putative proteins of region I (BexDCBA) showed high similarity to the corresponding proteins from H. influenzae (95-99% amino acid identity) and slightly lower similarity to other capsulated species of the family Pasteurellaceae (73-93% identity). The putative proteins of region III (HcsAB) were also highly similar to the corresponding proteins from H. influenzae (93-99% amino acid identity), while similarity to homologous proteins in other capsulated species of the family Pasteurellaceae was 71-82% (Table 1 (Meats et al., 2003; Nørskov-Lauritsen, 2014) . For all region I and III proteins of H. sputorum, the best match was obtained with corresponding proteins from phylogenetic group I strains of H. influenzae (Table 1) ; indeed, the concatenated nucleotide sequence of regions I and III from the capsulated reference strain of H. influenzae phylogenetic group I (Hib, GenBank accession no. AF549213) was more related to the corresponding sequence from H. sputorum (91.0% identity) than to the capsulated reference strain of H. influenzae phylogenetic group II (Hif, GenBank accession no. AF549211) (88.9% identity). The G+C content of region II in H. sputorum (27.4 mol%) was lower than that of region I (40.4 mol%), region III (41.1 mol%) and the whole genome (39.3 mol%), suggesting an origin outside of the family Pasteurellaceae.
Co-transcription of the cap locus region II genes
In H. influenzae, the serotype-specific genes are cotranscribed on the same mRNA (Satola et al., 2003b) .
To determine whether the region II genes of H. sputorum were organized as an operon, we performed reverse transcriptase PCR (RT-PCR) experiments using whole-cell RNA isolated from exponential broth cultures of CCUG 13788 T . Transcription of cps1 (Fig. 2, lane 1) , cps2 (Fig. 2, lane 4) and cps3 (Fig. 2, lane 7) was confirmed by RT-PCR using primers designed from their coding sequences. An RT-PCR product of 518 bp was amplified between cps1 and cps2 using a primer in the coding sequence of cps1 (cps1_944f) and a second primer in cps2 (cps2_360r) (Fig. 2, lane 10 ). An RT-PCR product of 417 bp was amplified between cps2 and cps3 using a primer in the coding sequence of cps2 (cps2_2434f) and a second primer in cps3 (cps3_267r) (Fig. 2, lane 13) . These results indicate that the three region II genes, cps1, cps2 and cps3, are co-transcribed on the same mRNA.
Reactivity in standard PCRs for capsulated strains of H. influenzae
The recommended primer sets for detection of capsulated strains of H. influenzae [HI-1 and HI-2 targeting bexA (Falla et al., 1994) , and bexB.1F and bexB.1R, and bexB. FLF and bexB.FLR targeting bexB (Davis et al., 2011) ] display 0-2 mismatches per primer when compared with the corresponding genes in the type strain of H. sputorum (CCUG 13788 T ). We assessed the proportion of capsulated strains of H. sputorum by performing standard PCRs for H. influenzae bexA and bexB on representatives of the former species. All strains of H. sputorum (N510) gave rise to amplicons of the expected size (Fig. S1 ), indicating that they encode a capsule locus. Moreover, the recommended PCRs for detection of capsule locus in H. influenzae are not specific for this species.
cap locus putative mobility analysis Three putative transposase genes could be identified in the genomic area surrounding the cap locus in H. sputorum CCUG 13788
T (CDS 105107-105475, approximately 35 kb upstream of cap; and CDS 212515-212727 and CDS joint 213094-213683, both approximately 60 kb downstream of cap). They resembled transposases that belong to the IS3 family of IS elements. The multiple alignment of their nucleotide sequences revealed that CDS 212515-212727 is probably a truncated version of CDS 105107-105475, and both exhibit significant similarity to CDS 213094-213683. The wide spatial separation of these putative transposase genes does not suggest a transposon-like formation that could account for a potential mobilization of cap in H. sputorum CCUG 13788 T .
Phylogenetic position of H. sputorum in family Pasteurellaceae
Twenty-three reference genomes of other Pasteurellaceae species were identified and 11 housekeeping genes (adk, atpD, atpG, frdB, infB, mdh, pgi, recA, recN, rpoA and zwf ) were selected for analysis; fragments of several of these have previously been used to investigate the phylogenetic relationships within the family (Nørskov-Lauritsen & Kilian, 2006; Kuhnert & Korczak, 2006; Bisgaard et al., 2012) . The concatenated sequence of the genes comprises 140 85 nt in H. sputorum or 0.7% of the total genome. A neighbour-joining dendrogram based on concatenated sequences from 24 Pasteurellaceae reference strains is shown in Fig. 3(a) . The analysis separates the 24 strains into three groups: a cluster of 15 strains that includes H. influenzae and is supported by a bootstrap value of 100%; a cluster of 8 strains that includes A. pleuropneumoniae and is supported by a bootstrap value of 100%; and a third group that encompasses Gallibacterium anatis only. H. sputorum is located in the A. pleuropneumoniae cluster together with Haemophilus parahaemolyticus and Haemophilus paraphrohaemolyticus,
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Fig. 2 . cps1, cps2 and cps3 expression detected in exponentialphase CCUG 13788 T cells and shown to be co-transcribed by RT-PCR. Lanes 2, 5, 8, 11 and 14, RT negative controls; lanes 3, 6, 9, 12 and 15, PCR controls (no DNase treatment). Primers and product sizes are listed in Table S1 . M, molecular mass marker. The arrowhead indicates the 500 bp fragment.
cap locus of H. sputorum but H. sputorum is not closely related to any other Pasteurellaceae species, notably not to the type species of genus Haemophilus, H. influenzae.
The ancestry of natural competence in family Pasteurellaceae has been inferred based on the overrepresentation of particular DNA uptake sequences (DUSs) (Redfield et al., 2006) . Two distinct DUSs have been described: the H. influenzae DUS (AAGTGCGGT) (Hi-type DUS) and the A. pleuropneumoniae DUS (ACAAGCGGT) (Ap-type DUS). We calculated the frequency of each DUS for each of the 24 investigated genomes. With the exception of G. anatis and Haemophilus pittmaniae, which contained relatively few DUSs, the preferential overrepresentation of a particular DUS was strongly in support of the MLSA tree: the Hi-type DUS was prominent in almost all strains of the first cluster, while the Ap-type DUS was prominent in all strains of the second cluster (Fig. 3b) .
DISCUSSION
Among Pasteurellaceae with host specificity for man, capsulation has so far only been documented for H. influenzae. Most isolates of this species are unencapsulated, but the small fraction of capsulated strains have attracted attention because of their increased pathogenicity, particularly noticeable for Hib. In this study we document that the related species H. sputorum also possesses a complete capsule locus, and that the polysaccharide synthesis genes are transcribed during culture in vitro. In contrast to H. influenzae, all investigated strains of H. sputorum are positive for cap as revealed by PCR; however, only 10 strains were available for investigation. Further studies are needed to document the presence and specificity of the capsular polysaccharide, and whether different polysaccharide synthesis region II genes may be encoded by different strains of H. sputorum.
Similarity of capsule synthesis genes and similar gene arrangements among phylogenetically diverse Gramnegative bacteria suggest horizontal gene transfer across bacterial classes (Lâm et al., 2011) . Nevertheless, the extent of the similarity of capsule export proteins of H. influenzae and H. sputorum was remarkable ( (Fig. 3b) ; however, either type of DUS was rare in the 12 kb cap locus of H. sputorum (Fig. 1) . A single Hi-like DUS, and a single Ap-like DUS are also present in the hcsA gene from H. influenzae (GenBank accession nos AF549211 and AF549213) and do not provide clues to the origin of cap. The G+C content of region II in H. sputorum (27.4 mol %) was lower than that of region I (40.4 mol%), region III (41.1 mol%) and the whole genome (39.3 mol%), indicating horizontal gene transfer. Similar differences have been described for H. influenzae, where the G+C content in region II (29-31 mol%) is significantly lower than that in the flanking conserved regions (38-39 mol%) or the whole genome (38 mol%) (Lâm et al., 2011) . While region II genes in both species may originate from bacteria outside the family Pasteurellaceae, the similar G+C contents between region I, III and the whole genome, and between the two species, do not give a hint as to the direction of the putative transfer of cap between H. sputorum and H. influenzae.
The cap locus in capsulated strains of H. influenzae phylogenetic group I is flanked by direct repeats of insertion element IS1016 and is frequently amplified (Satola et al., 2003a) . Apparently, cap has been mobilized in the chromosome of these strains as a composite transposon (Kroll et al., 1991) . Capsulation has been studied less extensively in H. influenzae phylogenetic group II, but the available Hif genome sequence shows that cap is located in a large 'region of difference' with a low level of conservation relative to reference strains of the species (Su et al., 2014) . In addition to cap, this region also includes two transposases and a prophage island. Thus, available evidence suggests that cap has been introduced into a limited number of H. influenzae lineages of both phylogenetic groups through horizontal gene transfer.
Conversely, cap appears to be frequently or ubiquitously present in H. sputorum, and the distance between putative transposase genes flanking cap does not suggest that a transposon-like formation accounts for the potential mobilization and dissemination of cap in this species. Moreover, the lack of prophages or any other ORFs facilitating horizontal gene transfer in the vicinity of cap suggests that this gene cluster may be native to H. sputorum and could indicate that H. sputorum served as the donor in the horizontal transfer of the locus to H. influenzae. A somewhat similar scenario has been suggested for Steptococcus pneumoniae, where transposases are associated with the capsule locus of all pneumococcal serotypes (Bentley et al., 2006) , and sequence comparisons have indicated extensive import of capsule genes from numerous commensal Streptococcus species into the pathogenic S. pneumoniae (Kilian et al., 2014) .
In conclusion, we have identified a complete capsulation locus in the commensal species H. sputorum that is transcribed in vitro. 
